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和文要約
　日本産広葉樹 5種（クリ Castanea crenata、ヤマザクラ Cerasus jamasakura、ウリカエデ Acer 
crataegifolium、ミズキ Cornus controversa及びマルバアオダモ Fraxinus lanuginosa）の引張あて
材における、物理的及び機械的性質を調査した。容積密度、全収縮率（繊維、接線及び半径方
向）及び縦圧縮強さの試験片は、引張あて材部及び隣接する同一個体のラテラルもしくはオポ
ジット材から作製した。本研究では、これらのラテラルもしくはオポジット材を正常材とみな
した。引張あて材の容積密度は、正常材と比較して、クリ及びウリカエデで統計的に有意に大
きな値を示し、反対にヤマザクラ及びマルバアオダモにおいて、有意に小さい値を示した。繊
維方向全収縮率は、いずれの樹種においても、引張あて材の方が正常材よりも大きい値を示し
た。また、接線方向全収縮率は、正常材と比較して引張あて材では、クリ及びウリカエデで小
さい値を、ミズキ及びマルバアオダモで大きい値を示した。一方、ウリカエデを除くすべての
樹種において、半径方向全収縮率は、引張あて材と正常材の間に、有意な差は認められなかっ
た。縦圧縮強さについては、すべての樹種において、引張あて材の方が正常材よりも統計的に
有意に小さい値を示した。
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Summary
Physical and mechanical properties of tension wood (TW) were investigated for five Japanese hardwoods 
(Castanea crenata, Cerasus jamasakura, Acer crataegifolium, Cornus controversa, and Fraxinus 
lanuginosa). Specimens for basic density, shrinkage (longitudinal, tangential, and radial directions), and 
compression strength parallel to the grain were prepared from TW position and lateral wood or opposite 
wood positions adjacent to TW in the same tree. In the present study, these lateral or opposite woods 
were regarded as normal wood (NW). The basic density of TW in C. crenata and A. crataegifolium 
showed significantly larger values than those of NW. In contrast, two species, C. jamasakura and F. 
lanuginosa, showed lower values in TW. Longitudinal shrinkage of TW in all species was significantly 
larger than that of NW. In tangential shrinkage, C. crenata and A. crataegifolium had lower values than 
NW, while C. controversa and F. lanuginosa had larger ones. No significant difference between TW and 
NW was found in radial shrinkage of any species except for A. crataegifolium. In compressive strength 
parallel to grain, TW of all species showed significantly lower values than NW. 
Key words: tension wood, basic density, shrinkage, compressive strength parallel to grain
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1. Introduction
　Reaction wood is an abnormal xylem formed in inclined 
stems or branches. In gymnosperms, compression wood 
forms on the under side of leaning stems or branches. In 
angiosperms, on the other hand, tension wood (TW) forms 
on the upper side of leaning stems or branches. 
　Physical and mechanical properties of TW differ from 
those of normal wood (NW).1,6,8,9) Panshin and de Zeeuw 
9)
 reported that thick-walled gelatinous fibers increased 
the density of TW cells by 30% more than that of NW. 
Kollmann and Côté 6) reported that longitudinal shrinkage 
of TW may reach 1%, the shrinkage being considerably 
greater than the negligible longitudinal shrinkage of NW. 
On the other hand, the information on the mechanical 
properties of TW is insufficient.9)  Panshin and de Zeeuw 
9)
 reported that compression strength parallel to the grain 
was lower in TW at all moisture levels than in comparable 
NW and that the same trends are recorded for compression 
strength perpendicular to the grain, modulus of rupture in 
static bending, longitudinal shear, and modulus of elasticity 
in static bending; however, little evidence is available to 
support these findings.
　Recently, several researchers are focusing on the physical 
properties of TW.2,3,5,10,11) Jourez et al. 5) examined the basic 
density and longitudinal shrinkage of TW and opposite 
wood (OW) in young stems of Populus euramericana cv. 
Ghoy. They found that TW tissues formed on the upper 
face of the stem showed a basic density that was 5% higher 
than that in OW. Ruelle et al. 10) examined the physical 
and mechanical properties of TW and OW in 10 tropical 
rainforest species. They reported that the longitudinal 
modulus of elasticity was slightly higher in TW than in OW 
and longitudinal shrinkage was also much higher in TW. 
Further research, however, is still needed for the physical 
and mechanical properties of tension wood in many 
hardwood species. 
　In the present study, we investigated the physical 
properties (density and shrinkage) and mechanical 
properties (compressive strength parallel to grain) for TW 
and NW in five Japanese hardwood species. 
2. Materials and methods
　Naturally inclined stems of five hardwood species were 
collected at the Funyu Experimental Forest, Utsunomiya 
University, Japan (Table 1). Tension wood (TW) specimens 
were prepared from the upper side of inclined stems. 
Specimens were also prepared from lateral or OW adjacent 
to TW from the same tree. In the present study, these 
specimens from lateral woods and OW are regarded as 
normal wood (NW). 
　Transverse sections of 20 µm in thickness were prepared 
from TW and NW. Mäule color reaction was applied to 
confirm the existence of gelatinous (G)-fiber and lignin 
distribution. A staining procedure was performed according 
to a previous report.13)
　For determining the basic density, 20 (L) by 20 (R) by 20 
(T) mm specimens were prepared from TW and NW. The 
basic density was calculated by dividing oven-dried weight 
by green volume determined with a digital screw meter. 
　Two types of specimens were used for measuring the 
shrinkage: 40 (L) by 20 (R) by 5 (T) mm for longitudinal 
direction and 20 (L) by 20 (R) by 20 (T) mm for radial 
and tangential directions. The length of the specimen was 
measured with a digital screw meter under green and oven-
dried conditions. To avoid the collapse，specimens were 
air-dried and then oven-dried at 105 ℃ followed by 60 ℃ 
for 1 day. Shrinkage was calculated from the following 
equation:
　　Shrinkage (%) = (Lg - Lo) / Lg x 100
where Lg is the length of the specimen in the green 
condition, and Lo is the length of the specimen in the oven-
dried condition.
　For the compressive test, 50 (L) by 20 (R) by 20 (T) 
mm specimens were prepared. The load was applied to the 
longitudinal direction of a specimen at 1 mm/min by using a 
universal testing machine (A&D, RTC2410). Compressive 
strength parallel to grain was calculated by dividing the 
maximum load by transverse area of a specimen. To avoid 
changes to the mechanical properties by a decrease in 
moisture content, the moisture content of specimens was 
maintained in the green condition during the compressive 
test. 
　For all tests, three specimens were prepared at each 
position. 
3. Results and discussion
3.1 Reaction wood anatomy
   Digital images of a transverse section stained with a 
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Table 1 Sample of the present study.
Note: *, data from Hosobaaodamo (Fraxinus sp.); I, S1 + G; II, S1 + S2 + G; III, S1 + S2 + S3 + G.
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Mäule reagent are shown in Fig. 1. The Mäule reagent 
stains the syringyl unit in lignin a pinkish color.7) Onaka 
8)
 reported that G-fiber was formed in TW of five species 
used in the present study (Table 1). In C. crenata, C. 
jamasakura, and A. crataegifolium, the innermost layer 
of the wood fiber in TW was not stained with the Mäule 
reagent, suggesting that a G-layer existed. These results 
were similar to those obtained by Onaka.8) On the other 
hand, in the two remaining species (C. controversa and 
F. lanuginosa), no distinct G-layer was observed in TW. 
However, the staining intensity of the secondary wall of 
wood fiber in the TW was apparently weaker than those in 
NW. These results suggested that syringyl lignin content in 
TW was lower than that in NW. The decrease of syringyl 
lignin content is a characteristic of TW.1,6,9) 
3.2 Basic density
　The basic density values of TW and NW in five Japanese 
hardwoods are shown in Table 2. Of 5 species tested here, 
the basic density of TW in C. crenata and A. crataegifolium 
showed significantly higher values than those of NW. In 
contrast, C. jamasakura and F. lanuginosa showed lower 
basic density in TW. However, the differences between 
TW and NW were not so much: TW/NW ratio ranged from 
1.04 to 0.95. Panshin and de Zeeuw 9) reported that thick-
walled gelatinous fibers increased the density of TW cells 
30% more than that of NW. In addition, they also found 
that the increase in density for TW formation is usually 
much smaller, in the range of 5 to 10 percent, for woods 
with relatively thin gelatinous walls. Ueda 12) reported 
that air-dried density values of TW in Populus sieboldii 
Miq. and Fraxinus mandshurica var. japonica Maxium 
were greater than that of NW. Jourez et al. 5) examined 
the basic density of TW and OW in 2-month-old inclined 
Populus euramericana cv. Ghoy, which formed G-fiber 
in TW, and found that the basic density for TW and OW 
was 0.402 and 0.384 g/cm3, respectively. In the present 
study, distinct G-fibers were observed in C. crenata, C. 
jamasakura and A. crataegifolium. Therefore, the formation 
of G-fiber could result in an increase in the basic density 
in C. crenata and A. crataegifolium. On the other hand, 
Panshin and de Zeeuw 9) found an extreme case of Tilia, 
which produces TW showing lower density than NW. 
Ruelle et al. 11) examined the basic density of TW and OW 
in 9 trees from 3 tropical rainforest species. They found that 
only 2 of the 9 trees examined (one Eperua falcata and one 
Simarouba amara) showed a significant difference in basic 
density, but these 2 trees showed a higher and lower basic 
density in TW. In the present study, basic density of TW 
in C. jamasakura and F. lanuginosa showed significantly 
lower values than those of NW. Our results obtained in F. 
lanuginosa were inconsistent with those in F. mandshurica 
obtained by Ueda.12) Thus, changes of basic density due 
to TW formation might depend on the species. Further 
research is still needed for basic density in TW for many 
species.
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Fig. 1. Transverse sections stained with Mäule reagent. 
Note: scale bar, 20 µm.
Table 2 Comparison in basic density between tension wood (TW) and 
normal wood (NW). 
Note: SD, standard deviation; ns, no significance; *, significance at 5% level; **, signifi-
cance at 1% level. Sample number = 3 specimens in each position of a species.
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3.3 Shrinkage
　Tables 3 to 5 show shrinkage in 3 directions in TW and 
NW. In all species tested here, longitudinal shrinkage of 
TW showed significantly larger value than that of NW. The 
largest TW / NW ratio (5.29) was found in C. jamasakura. 
No significant differences between TW and NW were 
recognized in radial shrinkage for all species, except 
for A. crataegifolium. In tangential shrinkage, TW of C. 
controversa and F. lanuginosa showed significantly larger 
shrinkage values than those in NW. On the other hand, 
significantly lower values were observed in C. crenata and 
A. crataegifolium. Panshin and de Zeeuw 9) reported that 
even though the longitudinal shrinkage of TW was seldom 
greater than 1%, the increase over that of comparable NW 
was large. In a 2-month-old shoot inclined at 30 ° from 
the vertical axis in Populus cv. I4551, the longitudinal 
shrinkage in TW and OW was 0.769% and 0.195%, 
respectively.5) Our results obtained in the longitudinal 
shrinkage were similar to those obtained by several other 
researchers.9-11) On the other hand, of 10 tropical rainforest 
species, no significant difference between TW and OW 
was found in 6 and 7 species for tangential and radial 
shrinkage, respectively.10) Panshin and de Zeeuw 9) reported, 
theoretically, that transverse shrinkage for TW should be 
reduced more than that of NW because the longitudinal 
shrinkage increased in TW. However, this was true only 
for limited species. Thus, changes of transverse shrinkage 
due to TW formation are still unclear. Further research is 
needed for clarifying the changes of transverse shrinkage in 
many species. 
3.4 Compressive strength
　The compressive strengths of TW and NW for 5 Japanese 
hardwoods are shown in Table 6. In all species tested here, 
the compressive strength in TW showed significantly lower 
value than that in NW. The lowest TW/NW ratio (0.63) 
was observed in C. jamasakura. Our results are similar to 
those obtained by Panshin and de Zeeuw.9)  Ruelle et al. 11) 
examined the compressive strength of a total 9 trees from 
3 tropical rainforest species (Eperua falcata with G-fiber 
in TW, Laetia procera with multilayered features of TW, 
and Simarouba amara without G-fiber in TW). They 
reported that the compressive strength was significantly 
lower in TW from 6 trees. They also found that the 
compressive strength was increased with an increase in 
the microfibril angle (MFA) in the 3 species, indicating 
that cellulose microfibril orientation along the fiber axis 
causes a lower compressive strength. In the present study, 
the TW in 3 species had G-fiber, suggesting that MFA 
might be very low at the innermost layer of wood fibers. 
Thus, it seems that the formation of the G-layer results in 
the decrease of compressive strength. In softwood species, 
on the other hand, Gindl 4) examined the relationship 
between compressive strength and MFA or lignin content 
in compression wood of Norway spruce (Picea abies). 
He found that compressive strength of compression wood 
was not negatively affected by the high MFA, whereas it 
was affected by the increased lignin content and altered 
lignin composition. Thus, the lignin content might be 
related to the compressive strength in hardwoods. In the 
present study, as shown in Fig. 1, staining intensity of the 
Mäule reaction in TW was apparently lower than that in 
NW, suggesting that the lignin content in TW was lower 
than that in NW. However, further research is needed for 
clarifying the relationship between compressive strength 
and lignin content in TW. 
4. Conclusions
　The physical and mechanical properties of TW and NW 
were investigated in 5 Japanese hardwoods (C. crenata, 
C. jamasakura, A. crataegifolium, C. controversa, and F. 
lanuginosa). The results obtained are as follows:
1) Basic density in TW shows lower values in C. 
Table 3 Comparison in longitudinal shrinkage between tension wood 
(TW) and normal wood (NW). 
Note: SD, standard deviation; *, significance at 5% level; **, significance at 1% level.
Sample number = 3 specimens in each position of a species.
Table 6 Comparison in compressive strength parallel to grain between 
tension wood (TW) and normal wood (NW). 
Note: SD, standard deviation; *, significance at 5% level; **, significance at 1% level. 
Moisture content of specimen at testing was kept under green condition. Sample 
number = 3 specimens in each position of a species.
Table 4 Comparison in radial shrinkage between tension wood (TW) 
and normal wood (NW). 
Note: SD, standard deviation; ns, no significance; **, significance at 1% level.
 Sample number = 3 specimens in each position of a species.
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Table 5 Comparison in tangential shrinkage between tension wood 
(TW) and normal wood (NW). 
Note: SD, standard deviation; ns, no significance; *, significance at 5% level; **, signifi-
cance at 1% level. Sample number = 3 specimens in each position of a species.
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jamasakura and F. lanuginosa and higher values in C. 
crenata and A. crataegifolium than those in NW. 
2) Longitudinal shrinkage in TW showed significantly 
larger values than that in NW. On the other hand, no 
similar tendency was observed in tangential and radial 
shrinkages.
3) In all species tested here, compressive strength parallel 
to grain in TW showed significantly lower values than 
that in NW. 
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